We have developed a glass nanopore based single molecule tool to investigate the dynamic oligomerization and aggregation process of Ab1-42 peptides. The intrinsic differences in the molecular size and surface charge of amyloid aggregated states could be distinguished through single molecule induced characteristic current fluctuation. More importantly, our results reveal that the neurotoxic Ab1-42 oligomer tends to adsorb onto the solid surface of nanopores, which may explain its instability and highly neurotoxic features.
Alzheimer's disease (AD) is one of the most common types of neurodegenerative disease, affecting more than 50 million people all over the world. 1 This disease causes specic pathological changes in the brain prior to cognitive impairment, usually with more than 10 years of a preclinical phase. 2 One of the major pathological features of AD is the formation of neuritic plaques in the cerebral cortices, which mainly consist of amyloid b (Ab) peptide of 39-43 amino acids in length. 3, 4 The Ab peptides are generated from sequential proteolytic cleavage of amyloid precursor protein (APP) by using enzymes b-secretase and g-secretase. 5 Among them, Ab1-42 and Ab1-40 are the two major species of Ab production, and the former species predominates in the neurotoxicity of neuritic plaques. It is known that soluble oligomers, not soluble monomers or insoluble brils, would disrupt long-term potentiation and directly induce cognitive impairment. 6 Thus the oligomerization process of the Ab1-42 peptide plays a signicant role in AD development. Many techniques have been employed for the investigation of pathogenic oligomers, such as nuclear magnetic resonance (NMR) spectroscopy, transmission electron microscopy (TEM) and single-touch atomic force microscopy (AFM). [7] [8] [9] It has been demonstrated that the large population of oligomers consists of Ab1-42 pentamers/hexamers, with discshaped morphology of 10-15 nm width and 1.5-2.5 height, and a smaller proportion of pentamers/decamers with the same width and 3-5 nm height. 10 However these methods could hardly monitor the dynamic aggregation of the Ab1-42 peptide in aqueous solution at the single molecule level, much less the heterogeneity of small oligomers.
Nanopore technology has become a well-developed approach for single molecule sensing by providing detailed intrinsic molecular information regarding the geometric structure, surface charge and even the conformational properties. 11 In general, biological nanopores are superior in the sensing of oligonucleotides, peptides, organic molecules and other small molecules, but not proteins and other large sized entities, owing to the 1-2 nm narrowest part of the pore lumen. 12, 13 Attributed to the size tunable features and easy fabrication process, glass nanopore sensors have broadened the application for single entity analysis. [14] [15] [16] Traditional glass nanopore sensors are mainly based on the volume exclusion mechanism, which can be briey described as the transient decrease of pore conductance resulting from the single entity traversing through the nanopore, exhibiting pulse like blockage signals on the ionic current. 17 Under this mechanism, it is challenging to capture small molecules in a fairly large-scale pore due to the negligible volume exclusion effect. 18 In recent years, researchers have identied that both electrophoresis and electroosmosis contribute greatly in charged nanopore sensing for proteins/peptides, which typically have complex tertiary structures and non-uniform surface charge. 19, 20 It has been suggested that the electroosmotic force may contradict the electrophoretic force and prevail in nanopore sensing by elaborately adjusting the surface charge of nanopores and analytes. 21 Besides, the surface charge of the analyte could induce ion accumulation, which competes with the volume exclusion effect, resulting in the increase of ionic current. Thus many factors could be regulated in protein molecule sensing via glass nanopore sensors, indicating a broad and subtle approach for single protein analysis.
Benetting from the advantages of single molecule characterization, nanopore-based analytics has been employed for the sensing of individual amyloid particles 22 such as a synuclein, 23,24 lysozyme, 25, 26 amyloid b, [27] [28] [29] etc. For example, solid state nanopores were used to enable the translocation of amyloid b aggregates and further measure the size of individual oligomers in solution without chemical modication. 29, 30 The denatured lysozyme and its amyloid could also be discriminated with silicon nitride nanopores. In recent years, the morphology of protein aggregates could be discriminated by polymer coated conical nanopores, 26, 27 which further facilitated the investigation of amyloid growth, inhibition and enzymatic degradation. 31 Moreover, under appropriate salt and pH conditions, bare quartz nanopores could be used for amyloid sensing based on resistive-pulse analysis. 32 Herein, we propose a unique sensing method based on bare glass nanopores to achieve single amyloid molecule discrimination. In this process, both electrophoretic and electroosmotic forces contribute to the ionic current uctuation. As shown in Fig. 1 , three types of Ab peptides including monomers (green), oligomers (purple) and bres (orange) could be directly detected in aqueous solution under a biased voltage. And the differences in size and surface charge density of Ab peptides would induce characteristic current uctuations, exhibiting heterogeneity at the single molecule level. Furthermore, we proposed single molecule evidence for the toxic Ab oligomer' hypothesis that the loosely packed structure of oligomers makes it easy to be adsorbed onto a solid surface.
The prepared glass nanopore was rst characterized by SEM imaging which shows a tip diameter of approximately 30 nm ( Fig. S1 †) . A pair of Ag/AgCl electrodes was employed to apply a biased potential and the electrode xed outside the nanopore was grounded. Ab1-42 peptides in different aggregated states were added to the external buffer solution with three independent nanopores. The detailed preparation and characterization of Ab1-42 peptides are described in the ESI † ( Fig. S2 and S3 †) . Results in the bottom of Fig. 1 show the different pulse-like signals of Ab1-42 peptides in the current traces under À700 mV; no obvious current uctuation was observed under positive voltages. The current signals pointing downwards represented the current enhancement and those pointing upwards represented the current blockage under a negative biased potential. This indicated that the Ab1-42 peptides were driven into the nanopore under negative potentials. Considering the negatively charged glass nanopore wall and the low ionic strength solutions (10 mM), the electroosmotic force would serve as a predominant force in our peptide sensing. 33 Herein, using a low salt concentration solution would have the following advantages. On the one hand, alkaline solution with a low salt concentration could prevent further aggregation of Ab1-42 peptides, stabilizing the peptide molecules during the nanopore sensing process. On the other hand, during the traversing of the negatively charged Ab1-42 peptide through the nanopore orice, both the volume exclusion and charge effect would induce current uctuation. Therefore, apart from the general blockage of ionic current with Ab1-42 oligomers (Fig. 1b , purple traces) and bres (Fig. 1c , orange traces), the translocation of Ab1-42 monomers through the nanopore could be captured from the transient current increase (Fig. 1a, green traces) . We recognized such an observation to be caused by ion accumulation during the translocation of the monomer peptide. In detail, the surface charges carried by the traversing Ab1-42 peptide would result in the redistribution of ions in the pore orice, thereby increasing the ionic current. Meanwhile, the traversing peptide for volume occupation in glass nanopores would effectively reduce the transient conductance, resulting in ionic current blockages. In this case, Ab1-42 monomers were highly negatively charged while having a small size, and notably, the ion accumulation effect serves as a dominating force during monomer sensing by the glass nanopore sensor. For the Ab1-42 oligomer and bre sensing, the volume exclusion effect was the primary effect and thus exhibited current blockage as shown in Fig. 1b and c .
The spike-like signals of transient current were statistically analyzed under À700 mV. We use DI/I 0 to denote the current Fig. 1 Schematic representation of single molecule monitoring of three types of Ab1-42 peptides with glass nanopore sensors. Ab1-42 monomers (a, green), oligomers (b, purple) and fibres (c, orange) could be distinguished in real time through the characteristic current fluctuations. The baseline currents in the nanopore sensing of Ab1-42 monomers, oligomers and fibres are approximately À950 pA, À1670 pA and À1040 pA, which are obtained through three independent nanopores. amplitude, where DI and I 0 represent the current uctuation amplitude and the baseline current, respectively. Fig. 2a demonstrates the event scatter plot of monomer translocation which correlates the current amplitude versus peak dwell time. And the current amplitude (DI/I 0 ) histogram was plotted and tted with a single peak probability distribution of 0.034 (Fig. 2d) . Given the short time scale of the event dwell time and the current increase distribution, the Ab1-42 monomers were driven inward across the nanopore demonstrating single molecular behavior in aqueous solution. The translocation events of Ab1-42 oligomers were statistically analyzed and are shown in Fig. 2b and e . The scatter plot of DI/I 0 versus dwell time and histograms indicate a tted current amplitude of À0.032. Positive and negative values of DI/I 0 represented ionic current enhancement and blockage respectively. Finite element method (FEM) simulation was employed to verify the ionic accumulation and blockage induced by Ab1-42 monomers and oligomers respectively (Fig. S4 †) . Moreover, Fig. 2e shows the DI/I 0 tted well with a narrow Gaussian distribution, indicating that the Ab1-42 oligomers were largely in a uniform geometry with comparable size, rather than with various sizes. 34 Only a small portion of blockage under 0.02 may be due to the existence of small oligomers. Nevertheless, the Ab1-42 bre usually with mm or sub-mm long could hardly translocate through a 30 nm diameter nanopore. There are blockages in the ionic current baseline with a lower current amplitude (Fig. 1c ). This would be generated by the collision events of Ab1-42 bres onto the nanopore orice, which has been reported for large particle sensing with small pores. 35 The statistical analysis is shown in Fig. 2c, with Fig. 2f representing a low current blockage of À0.019, which is typical in collision events. Although the bre could hardly translocate across the nanopore due to the sub-mm morphology, it could move towards the orice under the electroosmotic ow, blocking the ionic current in a short time scale. The collision events of Ab1-42 bres onto the nanopore orice resulted in a dwell time of 6.32 ms to be longer than the direct translocation of monomers ( Fig. S5 †) . The interactions between protein aggregates and the nanopore surface 25 may prolong the dwell time as shown in Fig. S5 . † For the nanopore sensing of Ab1-42 oligomers, a staircaselike current increase was observed (Fig. 3a) besides the spikelike blockages mentioned above. In addition, the frequency of spike-like signals of the Ab1-42 oligomer was much higher than that of the Ab1-42 monomer and bres as demonstrated in Fig. 3b . Considering that the molar concentration of oligomers was not as high as that of monomers, the frequency of these three kinds of peptides was not mainly dominated by analyte concentration. I-V curves were then recorded and indicated the increase of negative charges on the nanopore sidewall, resulting in a stronger electroosmotic force in oligomer sensing. Glass nanopores with parallel conductance were employed for the sensing of three states of Ab1-42 peptides and the experimental setup was the same. I-V curves were rst recorded by lling and immersing the nanopore into a pure electrolyte (gray traces). The Ab1-42 containing electrolyte was subsequently used to replace the external solution with continuous recording of the ionic current. Aer peptide sensing, the inside and outside solutions of glass nanopores were both substituted with the pure electrolyte. I-V curves were re-recorded and showed great difference between Ab1-42 monomers (Fig. 3c ), oligomers ( Fig. 3d ) and bres (Fig. 3e ). The adsorption of protein aggregates onto the nanopore has been investigated 25 and great effort has been made to prevent nonspecic adsorption. 26, [29] [30] [31] Herein, only the Ab1-42 oligomers showed an obvious adsorption, which could be conrmed by the increase in the ion current rectication ratio. The dynamic adsorption of oligomers onto the nanopore side would regulate the electroosmosis effect, which would enhance the frequency and provide detailed single molecular information. As previously studied, the ring-shaped Ab1-42 oligomers could be stabilized at a low salt concentration, and their C-terminal region was loosely aggregated inside the ring. 6 We hypothesized that hydrophobic C-terminals would adsorb onto the inner wall of the nanopore, exposing the hydrophilic negatively charged N-terminal outwards. Thus the inner wall of the nanopore features an increase in negative charges which contributes to the temporary staircase increase in the baseline ionic current. The accumulation of negative charges on the nanopore could enhance the electroosmotic force and increase the possibility of translocation of the Ab1-42 oligomer greatly. It is widely known that the Ab1-42 oligomer is a key factor in neurotoxicity in Alzheimer's disease, inhibiting synaptic plasticity and altering cell surface receptors. According to the presented ndings, we would speculate that the adsorbent feature of oligomers may account for their instability and toxic mechanism of inhibiting synaptic plasticity and altering cell surface receptors.
In summary, we employed glass nanopores as a single molecule technique for direct sensing of the amyloidosis process of the Ab1-42 peptide, which is of great signicance in Alzheimer's disease. The distinct current uctuations in sensing Ab1-42 monomers, oligomers and bres were acquired to better understand molecular heterogeneity. Further analysis of the rectication of glass nanopores showed that the Ab1-42 oligomers could be more easily adsorbed on the nanopore surface and we have proposed a potential adsorption mechanism. Our research shed light on the adsorption effect on the high neurotoxicity of Ab1-42 oligomers, which would benet the fundamental understanding of the pathogenesis of Alzheimer's disease.
